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WKH QDWXUH RI FRQFUHWH 7KH\ DOO DUH FRQIURQWHG ZLWK QXPHURXV SUREOHPV RXW RI ZKLFK WKH IRXU DUH IXQGDPHQWDO GDPDJHV
PLFURPHFKDQLFV GDPDJHV ORFDOL]DWLRQ VL]H HIIHFWV DQG WKH GLOHPPD ZKHQ WR DSSO\ WKH SKHQRPHQRORJLFDO DQG ZKHQ WKH
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,QWURGXFWLRQ
7RGD\ LQ WKH HUD RI QHZ PDWHULDOV RQH VKRXOG FRQVLGHU FRQFUHWH DV WKH ZHOO XQGHUVWRRG PDWHULDO ZKRVH
PDQXIDFWXULQJEHKDYLRUDQGDSSOLFDWLRQDUHZHOOH[SODLQHG7KHUHDVRQIRUVXFKDQRSLQLRQLVYDVWUHVHDUFKWKDWKDV
EHHQFRQGXFWHGRYHUVHYHUDOGHFDGHV>@6SHFLDODWWHQWLRQ LQ WKDW UHVHDUFKZDVGHYRWHG WRH[SODLQLQJDQG
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QDQRPLFURRUPDFUROHYHO+RZHYHUXQWLO WRGD\GHVSLWHDOO WKHH[WHQVLYHUHVHDUFKFRQGXFWHG WKHUHLVQRXQLTXH
DQVZHU LH WKH H[DFW VROXWLRQ KRZ WR PRGHO WKH FRPSOH[ SURFHVVHV LQ IUDFWXUH RI FRQFUHWH 7KUHH EUDQFKHV RI
VFLHQFHVDUHEHLQJDSSOLHGLQRUGHUWRDFKLHYHWKDWWKHRU\RISODVWLFLW\IUDFWXUHPHFKDQLFVDQGFRQWLQXXPGDPDJH
PHFKDQLFV1XPHURXVPDFURVFRSLFPRGHOV EDVHG RQ SODVWLFLW\ WKHRU\ IUDFWXUH RU FRQWLQXXPGDPDJHPHFKDQLFV
KDYH EHHQ SURSRVHG DQG LPSOHPHQWHG LQ ILQLWH HOHPHQW FRGHVZLWK YDU\LQJ GHJUHHV RI VXFFHVV 7KH\ XVXDOO\ XVH
YDULRXVSDUDPHWHUVZKLFKDUHGLIILFXOWWRGHWHUPLQHDQGQRPRGHOKDVEHHQDEOHWRIXOO\VLPXODWHDOOWKHDVSHFWVRI
WKH FRPSOH[ QDWXUH RI IUDFWXUH LQ FRQFUHWH$FWXDOO\ HDFK RI WKRVH WKHRULHV VXSSOLHV RQO\ SDUWLDO H[SODQDWLRQ IRU
IUDFWXUHSURFHVVHVLQFRQFUHWH LHRQO\VRPHLQGLYLGXDODVSHFWVRIWKRVHSURFHVVHV7KLVLVZK\VRPHUHVHDUFKHUV
KDYH WULHG WRDSSO\PRUHFRPSOH[SURFHGXUHV WKH VRFDOOHGFRPSOH[V\VWHPV WKHRULHV OLNH WKH VWDWLVWLFDOSK\VLFV
WKHRU\RIG\QDPLFDOV\VWHPVELIXUFDWLRQWKHRU\HWF
0RGHOLQJ RI IUDFWXUH LQ FRQFUHWH FDQ EH FODVVLILHG LQ WKH WZR FDWHJRULHV PDFURVFRSLF PRGHOV EDVHG RQ WKH
SKHQRPHQRORJLFDO DSSURDFK DQG PRGHOV EDVHG RQ PLFURPHFKDQLFDO VROXWLRQV 7KH IRUPHU PRGHOV DUH EDVHG RQ
WKHRU\ RI SODVWLFLW\ DQG IUDFWXUHPHFKDQLFVZKLOH WKH ODWWHUPRGHOV DUH HVWDEOLVKLQJ WKH UHODWLRQVKLS EHWZHHQ WKH
PLFURVWUXFWXUHRIFRQFUHWHDQGLWVPDFURVFRSLFEHKDYLRU
7KH WKHRU\ RI SODVWLFLW\ DQG PRGHOV EDVHG RQ LW XVH D GHILQLWLRQ RI WKH \LHOG VXUIDFH WKH IORZ UXOH DQG WKH
KDUGHQLQJIXQFWLRQ>@)RUWKHVPDOOVWUDLQFDVHWKRVHPRGHOVDVVXPHWKDWWKHWRWDOVWUDLQFDQEHVSOLWLQWRWKHHODVWLF
DQGSODVWLFSDUWVZLWKDFRQVWLWXWLYHODZIRUWKHHODVWLFSDUW7KH\LHOGVXUIDFHGHILQHVWKHHODVWLFGRPDLQLQWKHVWUHVV
VSDFHDQGLWVHYROXWLRQLVFRQWUROOHGE\WKHKDUGHQLQJIXQFWLRQZKLOHWKHHYROXWLRQRIWKHSODVWLFVWUDLQLVJRYHUQHG
E\WKHIORZUXOH
7KHFRQWLQXXPGDPDJHPHFKDQLFVGHVFULEHVWKHSURJUHVVLYHGHJUDGDWLRQRIPDWHULDOVWLIIQHVVGXHWRSURSDJDWLRQ
RIPLFUR FUDFNV7KHGHJUDGDWLRQGHJUHH LV GHILQHGE\ WKHGDPDJHSDUDPHWHUVZKLFK FDQEH VFDODUV D IDPLO\RI
YHFWRUV RU HYHQ D IRXUWKRUGHU WHQVRU 6LPLODU WR SODVWLFLW\ WKHRU\ GDPDJH PHFKDQLFV DOVR GHILQHV D GDPDJH
IXQFWLRQ ZKLFK FRQWUROV WKH LQLWLDWLRQ RI GDPDJH DV ZHOO DV WKH SURSDJDWLRQ IXQFWLRQV WKDW E\ WKH GDPDJH
SDUDPHWHUVGHILQHWKHGDPDJHIXQFWLRQHYROXWLRQ
7KHIUDFWXUHPHFKDQLFVFRQFHSWLVEHVWLOOXVWUDWHGE\WKHVRFDOOHGVLPSOHLVRWURSLFIDLOXUHPRGHO>@ZKHUHRQH
DVVXPHV WKDW WKHGHJUDGDWLRQRIPDWHULDO VWLIIQHVV LV LVRWURSLFDQG WKH3RLVVRQ
V UDWLR UHPDLQVXQDIIHFWHG WKXV WKH
IDLOXUHLVFKDUDFWHUL]HGE\DVLQJOHVFDODUSDUDPHWHU6LQFHWKHIUDFWXUHLQFRQFUHWHLVQRWDQLVRWURSLFSURFHVVVXFKD
VLPSOLILHGPRGHOFDQQRWGHVFULEHWKHGLIIHUHQFHEHWZHHQWHQVLOHDQGFRPSUHVVLYHEHKDYLRURIFRQFUHWH7KHPRGHOV
EDVHGRQWKHLVRWURSLFIDLOXUHDVVXPSWLRQKDYHVHYHUDOGHILFLHQFLHVWKH\FDQQRWLQFOXGHWKHYROXPHWULFH[SDQVLRQ
ZKLFKLVREVHUYHGLQXQLD[LDOFRPSUHVVLRQWHVWVDVZHOODVWKHODUJHWHQVLOHVWUDLQVDSSOLHGLQRQHGLUHFWLRQWKHIDFW
WKDW WKH VWLIIQHVV LV FRPSOHWHO\ ORVW LQ WKH ORDGLQJ GLUHFWLRQ DQG H[WUHPHO\ UHGXFHG LQ WKH ODWHUDO GLUHFWLRQV 7KH
DQLVRWURSLFIRUPXODWLRQVZKLFKKDYHDKLJKHUOHYHORIFRPSOH[LW\DUHSURSRVHGLQRUGHUWRUHVROYHGHILFLHQFLHVRI
WKHVLPSOHPRGHOV/LQHDUHODVWLFIUDFWXUHPHFKDQLFV/()0WKXVFDQQRWH[SODLQFRQFUHWHIUDFWXUH+RZHYHUZKHQ
DSSOLHG LQ WKH QRQOLQHDU IRUP 1/)0 ZLWK WDNLQJ LQWR DFFRXQW WKH ILQLWH QRQOLQHDU ]RQH WKH VRFDOOHG SURFHVV
]RQHDWWKHFUDFNWLSLHDWWKHFUDFNIURQWVRPHIRUPRIVROXWLRQVFDQEHREWDLQHG
5HJDUGOHVVRIZKLFKRIWKHWKUHHWKHRULHVDUHDSSOLHGWKHUHDUHVHYHUDOPDLQLVVXHVWKHUHVHDUFKHUVDUHFRQIURQWHG
ZLWK RXW RI ZKLFK WKH PRVW LPSRUWDQW DUH PLFURPHFKDQLFV RI GDPDJHV ORFDOL]DWLRQ RI GDPDJHV HIIHFWV RI
SDUWLFXODWHVVL]HVVWXGLHGWKURXJKVHYHUDOVFDOLQJODZV>@DQGWKHTXHVWLRQHLWKHUWRDSSO\WKHSKHQRPHQRORJLFDO
DSSURDFKLQVROYLQJWKRVHSUREOHPRUWRUHVRUWWRWKHPLFURPHFKDQLFDODSSURDFK
,QWKLVSDSHUDXWKRUVZHUHFRQFHUQHGZLWKWKHILUVWWZRSUREOHPVPLFURPHFKDQLFVDQGORFDOL]DWLRQRIGDPDJHVLQ
FRQFUHWH


7KHRWKHUWZRSUREOHPVDUHGLVFXVVHGLQWKHVHFRQGSDUWRIWKLVVWXG\)XQGDPHQWDOSUREOHPVRIPRGHOOLQJWKHIUDFWXUHSURFHVVHVLQFRQFUHWH
,,6L]HHIIHFWVDQGVHOHFWLRQRIWKHVROXWLRQDSSURDFKE\WKHVDPHDXWKRUV

188   Jelena M. Djoković et al. /  Procedia Engineering  65 ( 2013 )  186 – 195 
0LFURPHFKDQLFVRIGDPDJH
&RQFUHWH PD\ EH FRQVLGHUHG DV WKH FRPSRVLWH PDWHULDO FRQVLVWLQJ RI WKH WKUHH PDLQ FRPSRQHQWV WKH FHPHQW
PDWUL[WKHDJJUHJDWHVDQGWKHLQWHUIDFH±WKHWUDQVLWLRQOD\HUWKHVRFDOOHGWUDQVLWLRQKDOR7KLVWUDQVLWLRQ]RQHLVWKH
PRVW SRURXV SDUW RI WKH FRPSRVLWH DQG LV FRQVLGHUHG DV WKH ZHDNHVW ,QLWLDWLRQ RI WKH FRQFUHWH GDPDJHV DOZD\V
DSSHDUV LQ WKLV ]RQH +RZHYHU WKH SDUWLFXODULW\ RI WKH IUDFWXUH SURFHVVHV LQ FRQFUHWH LV WKH SKHQRPHQRQ RI WKH
SUHH[LVWLQJPLFURFUDFNVZKLFKDSSHDUHYHQEHIRUHDQ\ ORDG LVDSSOLHGGXH WRFRQFUHWHVKULQNDJHDQG WKHKHDW
GHYHORSPHQWLQWKHSURFHVVRIWKHFHPHQWK\GUDWLRQ7KLVLVWKHVRFDOOHGWHFKQRORJLFDOGDPDJHZKLFKFDQQRWEH
DYRLGHG,WGHSHQGVRQVHYHUDOIDFWRUVOLNHWKHZDWHUFHPHQWUDWLRW\SHRIFHPHQWVLHYHJUDGDWLRQFXULQJSURFHVV
HWF3ODYãLü>@
:KHQ WKH ORDG LV DSSOLHG WR FRQFUHWH VWUXFWXUH WKH SUHH[LVWLQJPLFUR FUDFNV EHJLQ WR SURSDJDWH FRDOHVFH DQG
IRUPODUJHUFUDFNVZKLFKHYHQWXDOO\OHDGWRFRQFUHWHIUDFWXUH7KHPLFURFUDFNVSURSDJDWHVLPXOWDQHRXVO\LQ0RGH,
DQG0RGH,,7KHPLFURFUDFNV LQWHUDFWZLWKHDFKRWKHUFUHDWLQJDQHWZRUNRIVPDOOFUDFNVZKDW OHDGV WRGDPDJH
VWUDLQORFDOL]DWLRQLHWKHVWUDLQVRIWHQLQJZKDWWKHQOHDGVWRPDFURVFRSLFIUDFWXUH7KHIUDFWXUHSURFHVVFDQILQLVK
LQWZRZD\VWKHFUDFNFDQJURZXQWLOWKHDUUHVWZKHQWKHFUDFNWLSUHDFKHVWKHVXUIDFHRIDQDJJUHJDWHRUWKHFUDFN
FDQ UHDFK WKH VXUIDFHRI WKHFRQFUHWHEORFNDQGFDXVHVYLVLEOHGDPDJH:KHQ WKHFUDFN UHDFKHV WKH VXUIDFHRIDQ
DJJUHJDWHWKHUHDUHVHYHUDOSRVVLEOHVFHQDULRVFUDFNFDQDUUHVWLHLWFDQVWRSSURSDJDWLQJFUDFNFDQGHIOHFWLQWR
WKH LQWHUIDFHEHWZHHQ WKHFHPHQWDQG WKHDJJUHJDWHDQGFRQWLQXH WRSURSDJDWHDORQJ WKH LQWHUIDFHVLQJOHVLGHGRU
GRXEOHVLGHGLWFDQFURVVWKHLQWHUIDFHDQGFRQWLQXHWRSURSDJDWHLQWKHDJJUHJDWHRULWFDQEHNLQNLQJDZD\IURP
WKH LQWHUIDFH EDFN LQWR WKH DJJUHJDWH DW D GLIIHUHQW DQJOH:KLFK RI WKRVH PHFKDQLVPV ZLOO EH SUHVHQW GHSHQGV
ZKHWKHUWKHUDWLRRIIUDFWXUHWRXJKQHVVRIWKHLQWHUIDFHDQGWKHIUDFWXUHWRXJKQHVVRIWKHPDWHULDOLQZKLFKWKHFUDFN
FRQWLQXHVWRSURSDJDWHDJJUHJDWHLVOHVVWKDQWKHUDWLRRIWKHHQHUJ\UHOHDVHUDWHIRUWKHFUDFNWKDWLVGHIOHFWLQJLQWR
WKH LQWHUIDFHDQG WKHHQHUJ\UHOHDVHUDWH IRU WKHFUDFN WKDW LVFURVVLQJ WKH LQWHUIDFH ,I WKDWZDV WKHFDVH WKHFUDFN
ZRXOG GHIOHFW LQWR WKH LQWHUIDFH ,Q WKH RSSRVLWH FDVH WKH FUDFN ZRXOG SHQHWUDWH WKH LQWHUIDFH DQG FRQWLQXH WR
SURSDJDWHLQWKHPDWHULDODERYHLW1LNROLüDQG'MRNRYLü>@,QWKHFDVHRIFRQFUHWHWKHODWWHUFDVHLVOHVVOLNHO\VLQFH
WKHIUDFWXUHWRXJKQHVVRIWKHDJJUHJDWHLVKLJKHUWKDQWKHIUDFWXUHWRXJKQHVVRIWKHFHPHQWPDWUL[
,WLVFOHDUWKDWWKHSUREOHPLQDSSO\LQJIUDFWXUHPHFKDQLFVWRPLFURFUDFNLQJLQFRQFUHWHLVGLIILFXOWSUDFWLFDOO\
LPSRVVLEOH LI/()0LVFRQVLGHUHGVLQFH WKHIUDFWXUH WRXJKQHVVRIFRQVWLWXWLYHFRPSRQHQWVDUHGLIIHUHQWEHFDXVH
WKH VWUHVV LQWHQVLW\ IDFWRUV RI FHPHQW DJJUHJDWHV DQG LQWHUIDFLDO OD\HU DUH VLJQLILFDQWO\ GLIIHUHQW 7KH IROORZLQJ
KLHUDUFK\RIWKHFULWLFDOVWUHVVLQWHQVLW\IDFWRUVIRUWKHFRQFUHWHFRPSRQHQWVLVSURSRVHG>@
  
ZKHUH D,F. LVWKHIUDFWXUHWRXJKQHVVRIWKHDJJUHJDWH F,F. LVWKHIUDFWXUHWRXJKQHVVRIFHPHQWDQG LI,F. LVWKHIUDFWXUH
WRXJKQHVVRIWKHLQWHUIDFLDOOD\HU
7KHUHDUHQXPHURXVPLFURPHFKDQLFDOPRGHOVRIFRQFUHWHDQGFRQFUHWHIUDFWXUHOLNHWKHHODVWLFPRGXOXVPRGHOV
ZKLFK LQFOXGH WKHGLIIHUHQWLDO VFKHPHRI=LPPHUPDQ >@ DQG WKH0RUL7DQDNDPRGHO >@%RWKPRGHOV WDNH LQWR
DFFRXQWWKHPLFURJHRPHWU\RIWKHPDWHULDOVIRUHVWLPDWLQJWKHHIIHFWVRISRUHVDQGFUDFNVRQWKHHODVWLFPRGXOXVRI
FRQFUHWH 7KH VKDSHV RI LQFOXVLRQV DUH FRQVLGHUHG LQ RQH RI WKH WZR LGHDOL]HG IRUPV HLWKHU DV VSKHULFDO RU DV D
SHQQ\VKDSHGFUDFN
7KHGLIIHUHQWLDOVFKHPHSURSRVHGWKHIROORZLQJH[SUHVVLRQIRUWKHFRQFUHWHHODVWLFPRGXOXV
  '( ( H * 
ZKHUH ( LV WKH ILQDO HODVWLF PRGXOXV ( LV WKH LQLWLDO HODVWLF PRGXOXV DQG *' LV WKH FUDFN GHQVLW\ LQ WKUHH
GLPHQVLRQV7KLVIRUPXODLVEDVHGRQWKHPRGHOIRUWKHWZRGLPHQVLRQDOFDVH
  '( ( H
S * 
ZKHUH*' LV WKH FUDFN GHQVLW\ LQ WZR GLPHQVLRQV%\ DSSO\LQJ WKH 'GLIIHUHQWLDO VFKHPH WKH ILQDOPRGXOXV RI
HODVWLFLW\ZDVFDOFXODWHGE\1HPDWL>@DQGLWDPRXQWVWR( u03D
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0RUL DQG 7DQDND >@ SURSRVHG WKH IROORZLQJ H[SUHVVLRQ IRU FDOFXODWLQJ WKH HODVWLF PRGXOXV RI D PDWHULDO
FRQWDLQLQJFUDFNV
   ( ( E  * 
ZKHUH             E Q Q Q    DQG Q LV WKH 3RLVVRQ
V UDWLR 7KH XVXDO YDOXH RI 3RLVVRQ
V UDWLR IRU
FRQFUHWHLVWKXVWKHHODVWLFPRGXOXVFDOFXODWHGE\WKH0RUL7DQDNDPHWKRGDPRXQWVWR( u03DIRU
WKHXQLD[LDOWHQVLRQFDVHDQGWR( u03DIRUWKHFRQILQHGVSHFLPHQ1HPDWL>@+HDOVRUHSRUWVWKDWWKH
ILUVWYDOXHLVZLWKLQZKLOHWKHVHFRQGRQHLVZLWKLQRIWKHH[SHULPHQWDOO\PHDVXUHGYDOXHV
)XUWKHUPRGHOLV'X%HUQDUG
VFUDFNJURZWKPRGHO>@ZKLFKXVHVWKHFRPPRQIUDFWXUHFULWHULD WKHPD[LPXP
VWUHVVFULWHULRQWKHVFULWHULRQWKHPD[LPXPHQHUJ\UHOHDVHUDWHFULWHULRQWKH*FULWHULRQDQGWKHPLQLPXPVWUDLQ
HQHUJ\FULWHULRQWKH6FULWHULRQ)RUFRQFUHWH WKHPRVWFRPPRQO\XVHGFULWHULRQ LV WKHPD[LPXPHQHUJ\UHOHDVH
UDWHFULWHULRQ,WLVFDOFXODWHGDFFRUGLQJWRH[SUHVVLRQ


3 GF* % GD 
ZKHUH* LV WKHHQHUJ\UHOHDVHUDWH3 LV WKHDSSOLHGORDG% LV WKHSODWHWKLFNQHVVF LV WKHFRPSOLDQFHDQGD LV WKH
KDOIFUDFN OHQJWK 7KH*FULWHULRQ VWDWHV WKDW WKH FUDFN LQLWLDWLRQ WDNHV SODFH DW WKH FUDFN WLS DQG LQ D GLUHFWLRQ
SHUSHQGLFXODUZLWKUHVSHFWWRWKHRULJLQDOFUDFNSODQHFUDFNSURSDJDWLRQWDNHVSODFHLQWKHGLUHFWLRQDORQJZKLFKWKH
VWUDLQHQHUJ\UHOHDVHUDWHLVPD[LPXPDQGWKDWWKHFUDFNLQLWLDWLRQRFFXUVZKHQWKHPD[LPXPVWUDLQHQHUJ\UHOHDVH
UDWHLQFHUWDLQGLUHFWLRQUHDFKHVDFULWLFDOYDOXH
7KHSXUSRVHRIWKH'X%HUQDUG
VPRGHOLVWRQXPHULFDOO\VLPXODWHWKHEHKDYLRURIWKHVWRFKDVWLFGLVWULEXWLRQVRI
KHWHURJHQHRXV PLFUR FUDFNV 7KLVPRGHO LV EDVHG RQ WKH LGHD WKDW IULFWLRQDO VOLGLQJ DORQJ WKH SUHH[LVWLQJ FUDFNV
UHVXOWV LQ WKH IRUPDWLRQ RI D WHQVLRQ FUDFNV DW WKHLU WLSV 7KH FUDFN LV GLYLGHG LQWR D VHULHV RI1 HOHPHQWV DW WKH
GLVSODFHPHQWGLVFRQWLQXLW\ZLWKWKHGLVSODFHPHQWGLVFRQWLQXLW\FRQVLGHUHGDVFRQVWDQWRYHUHDFKHOHPHQW%DVHGRQ
WKHDQDO\WLFDO VROXWLRQ IRUD VLQJOHHOHPHQW WKHQXPHULFDO VROXWLRQ LVGHULYHGE\VXPPLQJXS WKHHIIHFWVRIDOO1
HOHPHQWV
$QRWKHUQHZHUPRGHOZDVSURSRVHGE\0LKDL >@EDVHGRQ WKH WZRSKDVHFRPSRVLWH WKHRU\ZLWK WDNLQJ LQWR
DFFRXQW PLFUR FUDFNLQJ EDVHG RQ WKH VROXWLRQ RI DQ HODVWLF ERG\ FRQWDLQLQJ UDQGRPO\ GLVWULEXWHG SHQQ\VKDSHG
PLFURFUDFNVDQGDURXJKFUDFNFORVXUHFRPSRQHQWEDVHGRQWKHFUDFNSODQHPRGHOSURSRVHGE\-HIIHUVRQ>@7KH
PRGHO VLPXODWHV WKH WZRSKDVHFRPSRVLWHFRPSULVLQJDPDWUL[SKDVH P WKDW UHSUHVHQWV WKHPRUWDUDQGVSKHULFDO
LQFOXVLRQV:WKDWUHSUHVHQWWKHFRDUVHDJJUHJDWHSDUWLFOHV7KHFRPSRVLWHLQFRUSRUDWHVSHQQ\VKDSHGPLFURFUDFNV
ZLWKYDULRXVRULHQWDWLRQVDQGURXJKVXUIDFHVRQZKLFKVWUHVVFDQEHUHFRYHUHG,WLVDVVXPHGWKDWWKHPLFURFUDFNV
DUH LQLWLDWHG DW WKH PDWUL[LQFOXVLRQ LQWHUIDFH DQG WKHQ SURSDJDWH WKURXJK WKH PDWUL[ SKDVH 7KLV LGHDOL]DWLRQ LV
LOOXVWUDWHG LQ )LJ  7KH WZR SKDVHV DUH HDFK FKDUDFWHUL]HG E\ WKH WZR HODVWLF SURSHUWLHV QDPHO\ WKH <RXQJ
V
PRGXOXVDQGWKH3RLVVRQ
VUDWLR









)LJ0LFURFUDFNLQJDQGURXJKFRQWDFWFRQFHSWV

 $ FRPELQHG IUDFWXUHPLFURPHFKDQLFV PRGHO ZDV SURSRVHG E\ 3LFKOHU HW DO >@ 7KH PRGHO FRPELQHV WKH
SURSDJDWLRQ FULWHULRQ IRU D VLQJOH SHQQ\VKDSHG FUDFN HPEHGGHG LQ DQ LQILQLWH PDWUL[ VXEMHFWHG WR UHPRWH VWUHVV
WDNHQIURP/()0DQGVWLIIQHVVHVWLPDWHVIRUUHSUHVHQWDWLYHPDWHULDOYROXPHVFRPSULVLQJLQWHUDFWLQJPLFURFUDFNV
WDNHQ IURP FRQWLQXXPPLFURPHFKDQLFV 7KLV FRPELQDWLRQ DOORZV IRUPRGHOLQJ WKH WHQVLOH VWUDLQ VRIWHQLQJ DV D
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UHVXOWRIPLFURFUDFNVSURSDJDWLRQLHDVDPLFURVWUXFWXUDOHIIHFW7KHLQLWLDOGHJUHHRIGDPDJHLHWKHLQLWLDOPLFUR
FUDFNVL]HDQGWKHQXPEHURIPLFURFUDFNVSHUXQLWYROXPHLPSOLHVWZRSRVVLEOHW\SHVRIVWUDLQVRIWHQLQJEHKDYLRU
XQGHUVWUDLQFRQWUROFRQWLQXRXVVWUDLQVRIWHQLQJZKLFKRFFXUVLQFDVHRILQLWLDOGDPDJHDERYHWKHFULWLFDOYDOXHDQG
DQ LQVWDQWDQHRXV VWUHVVGURSDW WKHSHDN ORDG WKHVRFDOOHG VQDSEDFNZKLFKRFFXUV LQ WKHFDVHRI LQLWLDOGDPDJH
EHORZ WKH FULWLFDO YDOXH (IIHFWLYH VWUHVVVWUDLQ EHKDYLRU RI D PLFUR FUDFNHG EULWWOH PDWHULDO SUHGLFWHG E\ WKH
FRPELQHGPRGHODSSOLHGWR6LOXULDQVHGLPHQWDU\URFN( *3DY .,F 03DPLVSUHVHQWHGLQ
)LJXUH


)LJ(IIHFWLYHVWUHVVVWUDLQEHKDYLRURIDPLFURFUDFNHGEULWWOHPDWHULDOLQXQLD[LDOWHQVLRQSUHGLFWHGE\WKHFRPELQHGIUDFWXUHPLFURPHFKDQLFV
PRGHOQRQLQWHUDFWLQJFUDFNV±GDVKHGOLQHVYHUVXVLQWHUDFWLQJFUDFNV±VROLGOLQHVFRQVLGHULQJWZRLQLWLDOGDPDJHVVWDWHVDLQL
1LVDQXPEHURIFUDFNVSHUXQLWYROXPH

 7KHUHDUHQXPHURXVRWKHUPRGHOV IRUH[SODLQLQJ IUDFWXUH LQFRQFUHWHEXWKHUHDUHSUHVHQWHGRQO\ VHYHUDOPRVW
SURPLQHQW RQHV 6RPH RWKHUPRGHOV DUH IRFXVLQJ RQO\ RQ VSHFLILF W\SHV RI GDPDJHV LQ FRQFUHWH OLNH WKHPRGHO
SURSRVHGE\=KXHWDO>@ZKLFKFRQFHQWUDWHVRQXQLODWHUDOQRQORFDOGDPDJHRIEULWWOHPDWHULDORUPRGHOVWKDWDUH
FRQVLGHULQJ YDULRXV SRVVLELOLWLHV ZKHUH WKH IUDFWXUH RI FRQFUHWH RFFXUV OLNH WKH PRGHO SURSRVHG E\ 0LKDL DQG
-HIIHUVRQ >@ ZKLFK SUHGLFWV IUDFWXUH LQ WKH LQWHUIDFLDO ]RQH EHWZHHQ WKH DJJUHJDWH DQG WKH FHPHQW PDWUL[ $Q
LQWHUHVWLQJ VWXG\ LV SUHVHQWHG LQ WKHVLV E\ /RZHV >@ZKRZDV FRQVLGHULQJPLFURPHFKDQLFDO DVSHFWV RI IUDFWXUH
EHKDYLRURIFRQFUHWHFRQFUHWHLQWHUIDFHVLHLQMRLQWVRIWKHWZRGLIIHUHQWVWUHQJWKVGLIIHUHQWPL[HVFRQFUHWH7KRVH
W\SHV RI LQWHUIDFHV DSSHDU LQ ODUJH FRQFUHWH VWUXFWXUHV LQYROYLQJPDVV FRQFUHWLQJ VXFK DV GDPV QXFOHDU YHVVHOV
FRROLQJWRZHUVZKHUHMRLQWVEHWZHHQVXFFHVVLYHOLIWVDUHUHDOL]HG
'DPDJHORFDOL]DWLRQ
&RQFUHWHE\LWVHOILVDFRPSRVLWHPDWHULDO7KHWKHUPRFKHPLFDOLQWHUDFWLRQEHWZHHQLWVFRQVWLWXHQWVUHVXOWVLQD
XQLTXHEXLOGLQJPDWHULDO2QHRIWKHPRVWLPSRUWDQWFKDUDFWHULVWLFVRIFRQFUHWHLVORZWHQVLOHVWUHQJWKZKLFKUHVXOWV
LQ WHQVLOH FUDFNLQJ DW D YHU\ ORZ VWUHVV FRPSDUHG ZLWK FRPSUHVVLYH VWUHVVHV 7KH WHQVLOH FUDFNLQJ UHGXFHV WKH
VWLIIQHVVRI WKHFRQFUHWHFRPSRQHQW&RQFUHWH LV DQRQKRPRJHQHRXVDQGDQLVRWURSLFPDWHULDO DQG LWVPHFKDQLFDO
EHKDYLRU LV DOVR QRQOLQHDU ,WV FRPSUHVVLYH VWUHQJWK LQFUHDVHV DV LW LV ORDGHG LQ D ELD[LDO FRPSUHVVLYH VWDWH EXW
GHFUHDVHVDV WKH WHQVLOH VWUHVV LV LQFUHDVHGXQGHUELD[LDO FRPSUHVVLRQ±WHQVLRQ0RUHRYHU WKHGXFWLOLW\RIFRQFUHWH
XQGHUELD[LDOVWUHVVHVLVDOVRGHSHQGHQWRQWKHVWUHVVVWDWH
$V DOUHDG\ PHQWLRQHG FRQFUHWH H[KLELWV D ODUJH QXPEHU RI PLFUR FUDFNV HVSHFLDOO\ DW WKH LQWHUIDFH EHWZHHQ
FRDUVHUDJJUHJDWHVDQGPDWUL[HYHQEHIRUHWKHDSSOLFDWLRQRIDQ\H[WHUQDOORDGV7KHSUHVHQFHRIWKRVHPLFURFUDFNV
KDV D JUHDW HIIHFW RQPHFKDQLFDO EHKDYLRU RI FRQFUHWH VLQFH WKHLU SURSDJDWLRQ FRQFUHWH GDPDJH GXULQJ ORDGLQJ
FRQWULEXWHVWRQRQOLQHDUEHKDYLRUDWORZVWUHVVOHYHOVDQGFDXVHVYROXPHH[SDQVLRQQHDUIDLOXUH6RPHPLFURFUDFNV
PD\GHYHORSGXULQJ ORDGLQJEHFDXVHRI WKHGLIIHUHQFH LQ VWLIIQHVVEHWZHHQDJJUHJDWHVDQGPDWUL[)LJXUH >@
6LQFH WKH DJJUHJDWHPDWUL[ LQWHUIDFH KDV D VLJQLILFDQWO\ ORZHU WHQVLOH VWUHQJWK WKDQ WKH PDWUL[ LW LV WKH ZHDNHVW
FRPSRQHQWLQWKHFRPSRVLWHV\VWHPDQGWKLVLVWKHPDLQUHDVRQIRUWKHORZWHQVLOHVWUHQJWKRIFRQFUHWH7KHVL]HDQG
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WH[WXUH SURSHUWLHV RI WKH DJJUHJDWHV DOVR KDYH D VLJQLILFDQW HIIHFW RQ WKH PHFKDQLFDO EHKDYLRU RI FRQFUHWH XQGHU
YDULRXVW\SHVRIORDGLQJ















)LJ$JJUHJDWHPDWUL[LQWHUIDFHDSULRUWRORDGLQJERIXOWLPDWHORDGFRIXOWLPDWHORDGGIDLOXUHORDG7DTLHGGLQ>@

7KH QRQOLQHDU PDWHULDO EHKDYLRU RI FRQFUHWH LV D UHVXOW RI WKH WZR GLVWLQFW PDWHULDO PHFKDQLFDO SURFHVVHV
SODVWLFLW\DQGGDPDJHPHFKDQLVPV7KHFUDFNLQJSURFHVV LQFRQFUHWH LVGLIIHUHQW IURPFUDFNLQJ LQRWKHUPDWHULDOV
EHFDXVH LW GRHVQRW RFFXU DVD VXGGHQRQVHW RI QHZ IUHH VXUIDFHVEXW DV D FRQWLQXRXV IRUPLQJ DQG FRQQHFWLQJRI
PLFUR FUDFNV7KH IRUPDWLRQ RIPLFUR FUDFNV LV SUHVHQWHGPDFURVFRSLFDOO\ DV VRIWHQLQJ EHKDYLRU RI WKHPDWHULDO
ZKLFK FDXVHV ORFDOL]DWLRQ DQG UHGLVWULEXWLRQ RI VWUDLQV LQ WKH VWUXFWXUH 7KLV SKHQRPHQRORJLFDO EHKDYLRU DW WKH
PDFURVFRSLF OHYHO LVPRGHOHGE\FODVVLFDO WKHRU\RISODVWLFLW\ZKLOHDSSHDUDQFHRIPLFURFUDFNVDQGFDYLWLHVDQG
WKHLUFRDOHVFHQFHDOVRFDXVHVWLIIQHVVGHJUDGDWLRQZKDWLVPRGHOHGE\WKHFRQWLQXXPGDPDJHPHFKDQLFV
7KHVWUDLQVRIWHQLQJRIDPDWHULDO LV WKHGHFOLQHRIVWUHVVDW LQFUHDVLQJVWUDLQ7KHVWUDLQVRIWHQLQJGLDJUDPVDUH
REWDLQHGIURPWKHGLVSODFHPHQWFRQWUROOHGFRPSUHVVLRQWHVW7KHSK\VLFDOSURFHVVHVRFFXUULQJLQVLGHWKHORFDOL]DWLRQ
]RQH DUH QRW VXIILFLHQWO\ H[SODLQHG ,Q RUGHU WR GR VR WKH UHVHDUFK LV PDLQO\ GLUHFWHG WRZDUGV UHSODFLQJ WKH
KHWHURJHQHLW\ RI FRQFUHWH E\ WKH HTXLYDOHQW FRQWLQXXP ZKLFK ZRXOG KDYH WKH VDPH EHKDYLRU DV FRQFUHWH DW WKH
PDFURVFRSLFOHYHO7KLVLVWKHVRFDOOHGKRPRJHQL]DWLRQSURFHGXUH>@,QPDWKHPDWLFDOPRGHOLQJRIWKLVSURFHGXUH
WKHHIIHFWRIPLFURGHIHFWVPXWXDOLQWHUDFWLRQVLVQRWWDNHQLQWRDFFRXQW
7KHIDPRXVPDWKHPDWLFLDQ+DGDPDUGFRQVLGHUHGVWUDLQVRIWHQLQJDVDQXQDFFHSWDEOHIHDWXUHIRUDFRQVWLWXWLYH
HTXDWLRQVLQFHWKHFRPSUHVVLYHZDYHVSHHG9IXQFWLRQRIWKHWDQJHQWPRGXOXV(DQGWKH3RLVVRQ
VUDWLRQFHDVHV
WREHUHDOLI(EHFRPHVQHJDWLYHDVLQVWUDLQVRIWHQLQJEUDQFKHV




(YHQLI+DGDPDUG
VREVHUYDWLRQZDVTXHVWLRQDEOHLWFDXVHGLQTXLULHVZKHWKHUVWUDLQVRIWHQLQJUHDOO\H[LVWVRUQRW
6LQFHWKHQLWKDVEHHQZLGHO\UHJDUGHGDVLQDGPLVVLEOHE\VHYHUDODXWKRUV7KHTXHVWLRQZDVZKHWKHURUQRWVWUDLQ
VRIWHQLQJLVDUHDOPDWHULDOSURSHUW\RULVLWPHUHO\DUHVXOWRILQKRPRJHQHRXVGHIRUPDWLRQFDXVHGE\H[SHULPHQWDO
WHFKQLTXHV ,W ZDV IRXQG WKDW WKH VWDQGDUG DSSURDFK LQWHUSUHWLQJ ORDG GLVSODFHPHQW H[SHULPHQWDO FXUYHV ZLWK
VRIWHQLQJDVVWUHVVVWUDLQFXUYHVGRHVQRWOHDGWRDPHDQLQJIXOUHSUHVHQWDWLRQRIG\QDPLFFRQWLQXXPSUREOHPVLQD
SK\VLFDO DQGPDWKHPDWLFDOPDQQHU$FWXDOO\ WKH VWDELOLW\ LQ WKH VHQVH RI+DGDPDUG LV QRW VDWLVILHG VLQFH LQ WKH
VRIWHQLQJUHJLPHWKHJRYHUQLQJHTXDWLRQVDUHHOOLSWLFLQVWHDGRIK\SHUEROLF
)HUUHWWL>@KDVVWXGLHGWKHQDWXUHRIVWUDLQVRIWHQLQJIURPWKHSK\VLFDODQGDQDO\WLFDOSRLQWRIYLHZ6KHDOVR
GHILQHG WKH QHZ XQORDGLQJ ODZ IRU WKH FRQFUHWH ORDGHG LQ FRPSUHVVLRQ /DUJH UHGXFWLRQV RI WKH HIIHFWLYH FURVV
VHFWLRQDO DUHD RU UHVLVWDQW DUHD $UHV RFFXU LQ D FRQFUHWH VSHFLPHQ ZKHQ LW LV ORDGHG LQ FRPSUHVVLRQ 7KRVH
UHGXFWLRQVGRQRWFKDUDFWHUL]H WKH ILQDO VWDJHRQO\EXW WKH\DSSHDUDW WKHYHU\EHJLQQLQJRI WKH WHVW DQGSURJUHVV


+DGDPDUG-/HoRQVVXUOD3URSDJDWLRQGHV2QGHV+HUPDQQHW&LH3DULV)UDQFH&LWHGLQ)HUUHWWL>@
 
   

  
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  
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ZLWK LQFUHDVLQJ ORDG 5HGXFWLRQV RI $UHV PXVW EH FRQVLGHUHG ZKHQ WKH FRQVWLWXWLYH ODZ LV GHULYHG IURP WKH
H[SHULPHQWDO ORDGGLVSODFHPHQW FXUYHV1X7KH HIIHFWLYH VWUHVVıHIIDQG WKH HIIHFWLYH VWUDLQ İHII DUH LQWURGXFHG DV
FRQVWLWXWLYHSDUDPHWHUVGHVFULELQJWKHPDWHULDOEHKDYLRUZKHQWKHUHGXFWLRQRI$UHVLVFRQVLGHUHG7KH\UHSUHVHQWWKH
DYHUDJHVWUHVVDQGVWUDLQDFWLQJRQ$UHVZKLOHV DQG H UHSUHVHQWWKHDYHUDJHVWUHVVDQGVWUDLQDFWLQJRQWKHQRPLQDO
DUHD$Q7KHWHUPHIIHFWLYHLVFKRVHQLQRUGHUWRHPSKDVL]HWKHQRQPHDVXUDELOLW\RI$UHVDVZHOODVRIıHIIDQGİHII
)HUUHWWL>@7KHXQORDGLQJODZDVGHILQHGE\)HUUHWWLUHDGV



ZKHUH'LVWKHSHUFHQWDJHYDULDWLRQRIWKHUHVLVWDQWDUHD$UHV:GLVWKHGLVVLSDWHGHQHUJ\DWWKHFXUUHQWSRLQWZKLOH
:GWLVWKHWRWDOGLVVLSDWHGHQHUJ\([SHULPHQWDOXQORDGLQJODZRI)HUUHWWLLVSUHVHQWHGLQ)LJXUH7KHVSHFLPHQZDV
LQWKHIRUPRIDF\OLQGHU
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
DE

)LJDH[SHULPHQWDOVHWXSEWKHXQORDGLQJODZ

,Q)LJXUHLVSUHVHQWHGFRPSDULVRQEHWZHHQWKHHQHUJHWLFXQORDGLQJODZRI)HUUHWWLDQGWKHPLFURVHLVPLFODZ
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
)LJ&RPSDULVRQEHWZHHQWKHHQHUJHWLFDQGWKHPLFURVHLVPLFXQORDGLQJODZ

)HUUHWWL
VODZZDVFRQILUPHGE\H[SHULPHQWDODQGDQDO\WLFDOFRQVLGHUDWLRQV>@7KHıİFXUYHVZHUHVL]HHIIHFW
LQVHQVLWLYH
'DPDJHHYROXWLRQLQFRPSUHVVHGFRQFUHWHZDVDUHVHDUFKVXEMHFWRI6WURHYHQDQGKLVJURXS>@&RPSRVLWH
PDWHULDOEHKDYLRUXQGHUIRUFHVUHIOHFWVWKHSURSHUWLHVRIWKHFRPSRVLQJSDUWVRIWKHPDWHULDOERG\DQGWKHPDWHULDO
VWUXFWXUH RQ WKH YDULRXV DJJUHJDWLRQ OHYHOV 7KLV EHKDYLRU FDQ EH GHILQHG LQ WHUPV RI PDFUR RU HQJLQHHULQJ
SURSHUWLHV VXFK DV WKHPHFKDQLFDO RQHV 3URSHUWLHV DUH GHQRWHG DV VWUXFWXUHLQVHQVLWLYHZKHQ VROHO\ JRYHUQHG E\
PDWHULDOFRPSRVLWLRQ HJPDVV DQG WR D OHVVHU H[WHQW XOWLPDWH FRPSUHVVLYH VWUHQJWK 8&6&RQWUDU\ VWUXFWXUH
VHQVLWLYHSURSHUWLHVVXFKDVWKHFUDFNLQLWLDWLRQVWUHQJWKDUHDIIHFWHGE\WKHVRFDOOHGJURXSSDWWHUQRUFRQILJXUDWLRQ
RISDUWLFOHV$VDFRQVHTXHQFHSDUWLFOHVL]HVKDSHDQGVSDFLQJDUHLQYROYHG
G G W' : : 
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7KHGDPDJHHYROXWLRQPHFKDQLVPVDFFRUGLQJWR6WURHYHQ>@RQPHVROHYHOLQGLUHFWFRPSUHVVLRQ'&DUHWKH
IROORZLQJ
 3DUWLFOHV GHERQG LQ WKH HTXDWRULDO DUHD XQGHU ULVLQJ '& OHYHOV 7KHVH LVRODWHG DQG VPDOO ERQG FUDFNV RQ
DYHUDJHUXQLQWKHORDGLQJGLUHFWLRQDQGKDUGO\LQIOXHQFHRYHUDOOVWLIIQHVV
5LVLQJORDGOHYHOFDXVHVVXFKFUDFNVWRJURZDORQJWKHSDUWLFOHPDWUL[LQWHUIDFH6LQFHWKHD]LPXWK]RQHVRQ
WKH SDUWLFOHV DUH WULD[LDOO\ FRPSUHVVHG WKH WHQGHQF\ RI WKH ERQG FUDFNV WR OHDYH WKH LQWHUIDFH DQG MRLQ ZLWK
QHLJKERUVLQFUHDVHV$WFUDFNLQLWLDWLRQVWUHQJWK/23WKLVSURFHVVLVDFFHOHUDWHG
 7KH SKHQRPHQRQ RI FUDFN FRDOHVFHQFH KDVPRUH GUDPDWLF HIIHFWV ZKHQ ODUJHU SDUWLFOHV DUH LQYROYHG 7KH
VPDOOHU SDUWLFOHV VLWXDWHG LQ WKH SDWK RI WZR VXFK FRDOHVFLQJ ERQG FUDFNV RI ODUJHU SDUWLFOHVZRXOG VWLPXODWH WKLV
SKHQRPHQRQEHFDXVHWKHLULQWHUIDFHVDUHDOVRSUHFUDFNHGLQWKHD[LDOGLUHFWLRQ7KHDFWLYDWHGVPDOOSDUWLFOHLQWHUIDFH
FUDFNV DUH URXJKO\ VLWXDWHG RQ WKH VXUIDFH RI D WULD[LDO FRPSUHVVHG FRQHOLNHPDWUL[ HOHPHQW 7KH\ FRQVWLWXWH HQ
HFKHORQFUDFNDUUD\V>@ZKDWUHGXFHVWKHORFDOVKHDUUHVLVWDQFHRIWKHPDWHULDO
7KH SURFHVV RI VOLSPRYHPHQW DORQJ WKH SUHZHDNHQHG REOLTXHO\ RULHQWHG VKHDU ]RQHV OHDGV WR LQFUHDVLQJ
ODWHUDOH[SDQVLRQRIWKHVSHFLPHQV,QSDUDOOHOZHDN]RQHVDUHHOLPLQDWHGDQGUHGLVWULEXWLRQRIVWUHVVHVWDNHVSODFH
7KH ORDGLQJ PDFKLQH
V VWLIIQHVV SUHYHQWV SUHPDWXUH GHVWDELOL]DWLRQ RI WKH GLVFRQWLQXRXV SURFHVV RI FUDFN
FRDOHVFHQFH7KLVILQDOO\OHDGVWR8&6DIWHUZKLFKWKHORDGFDSDFLW\JUDGXDOO\GHFOLQHV
$ VWRFKDVWLF SURFHVV RI JUDGXDO IRUPDWLRQ RI VHULHV RI IUDFWXUH SURFHVV ]RQHV VWDUWV DW8&6 EXW FRQWLQXHV
GXULQJWKHJUDGXDOGHFOLQHRI WKHORDGLQJFDSDFLW\7KLVXOWLPDWHO\OHDGVWRDVWUXFWXUHRIFROXPQOLNHHOHPHQWVRI
ZKLFKWKHDYHUDJHFURVVVHFWLRQDOGLPHQVLRQVHTXDOWKRVHRIWKHODUJHVWDJJUHJDWHJUDLQV7KLVFROXPQOLNHVWUXFWXUH
ILQDOO\FROODSVHVXQGHUORDG
7KHURXJKQHVVRI WKH IUDFWXUHVXUIDFH LVSURSRUWLRQDO WRYROXPH IUDFWLRQRIDJJUHJDWHDQGQRW WRGHWDLOVRI WKH
VLHYHFXUYH&KDQJLQJVHQVLWLYLW\RUUHVROXWLRQLQH[SHULPHQWDORUPRGHOLQJDSSURDFKHVFKDQJHVWKHURXJKQHVVRIWKH
IUDFWXUHVXUIDFHDVDUHIOHFWLRQRILWVIUDFWDOQDWXUH
-DVRQDQG'XUDQG>@SURSRVHGWKHVRFDOOHGWZRVXUIDFHSODVWLFPRGHO,WLVEDVHGRQHLJKWFRHIILFLHQWVZKLFK
DUHSK\VLFDOO\UHSUHVHQWDWLYHDQGLWLVGULYHQE\WKHWZRVRIWHQLQJ\LHOGVXUIDFHVWKH5DQNLQH
VVXUIDFHIRUWHQVLRQ
DQGWKH'UXFNHU3UDJHUVXUIDFHIRUFRPSUHVVLRQ7KH\WHVWHGWKHLUPRGHORQHOHPHQWDU\DQGVWUXFWXUDODSSOLFDWLRQV
LQRUGHUWRYDOLGDWHLWVQXPHULFDOLPSOHPHQWDWLRQ7KLVPRGHOLVDJRRGFRPSURPLVHEHWZHHQWKHFODVVLFDOFRQFUHWH
EHKDYLRUGHVFULSWLRQDQGWKHPRUHFRPSOH[DSSURDFKHV3DUDPHWHUVXVHGLQWKLVPRGHODUHSUHVHQWHGLQ7DEOH
7DEOH3DUDPHWHUV±FRHIILFLHQWVRIWKHSODVWLFPRGHO7KHFKDUDFWHULVWLFOHQJWKKLVDXWRPDWLFDOO\FRPSXWHGE\WKH)(0FRGH
8QLD[LDOFRPSUHVVLRQ 8QDL[LDOWHQVLRQ %LD[LDOORDGLQJ
(ODVWLFOLPLW
3D
&RPSUHVVLYH
VWUHQJWK
3D
6WUDLQDWSHDN 8OWLPDWHVWUDLQ
7HQVLOH
VWUHQJWK
3D
)UDFWXUH
HQHUJ\
1P
%LD[LDO
FRPSUHVVLYHVWUHQJWK
3D
7KHKDUGHQLQJVRIWHQLQJODZIRUXQLD[LDOFRPSUHVVLRQLVJLYHQE\




ZKHUHWKHIRXUSDUDPHWHUVDUHJLYHQDV
  
V\LVWKHHODVWLFOLPLWLQXQLD[LDOFRPSUHVVLRQ(LVWKH<RXQJPRGXOXVDQGHPDQGHXDUHWKHVWUDLQFRUUHVSRQGLQJWR
WKHFRPSUHVVLYHVWUHQJWKDQGWKHXOWLPDWHVWUDLQUHVSHFWLYHO\5HVXOWVRIWKHPRGHODSSOLFDWLRQDUHJLYHQLQ)LJXUH
194   Jelena M. Djoković et al. /  Procedia Engineering  65 ( 2013 )  186 – 195 










DE
)LJ&RPSDULVRQEHWZHHQPRGHOUHVXOWVDQGH[SHULPHQWVDXQLD[LDOWHQVLRQWHVWEDQGXQLD[LDOFRPSUHVVLRQ

7KHDVVXPHG\LHOGFRQWRXUFORVHO\PDWFKHVH[SHULPHQWDOUHVXOWVIRUWKHELD[LDOORDGLQJDOVR)LJXUH7KHSODVWLF
PRGHOLVWKXVDEOHWRUHSUHVHQWWKHPD[LPXPRIWKHVWUHVVGXULQJELD[LDOORDGLQJVLPSO\IURPWKHNQRZOHGJHRIWKH
UDWLR EHWZHHQ WKH XQLD[LDO FRPSUHVVLYH VWUHQJWK DQG WKH ELD[LDO FRPSUHVVLYH DQG XQLD[LDO WHQVLOH VWUHQJWKV
UHVSHFWLYHO\
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










)LJ%LD[LDOVWUHQJWKHQYHORSVIRUWZRGLIIHUHQWW\SHVRIFRQFUHWHWKHSODVWLFPRGHOVROLGOLQHDQGWKHH[SHULPHQWGLVFUHWHSRLQWV
7KHPRGHOZDVVWUXFWXUDOO\YDOLGDWHGDOVRE\DSSOLFDWLRQWRDWKUHHSRLQWEHQGLQJRIDFRQFUHWHEHDP)LJXUH,W
H[KLELWV WKH PDMRU FKDUDFWHULVWLFV RI WKH EHDP EHKDYLRU HODVWLF UHVSRQVH ILUVW FUDFNLQJZLWK FKDQJH LQ VWLIIQHVV
WHQVLOHUHLQIRUFHPHQW\LHOGLQJDVVRFLDWHGZLWKDGXFWLOHSODWHDXDQGILQDOO\WKHFROODSVHRIWKHVWUXFWXUHGHFUHDVHRI
WKHIRUFHDW WKHHQGRI WKHFRPSXWDWLRQ,I WKHUHVXOWVDUHFRPSDUHGWRWKHEHQFKPDUNFDOFXODWLRQV LWFDQEHVHHQ
WKDWWKHSODVWLFPRGHOSURYLGHVDQDSSURSULDWHEHKDYLRUZLWKDOLPLWHGQXPEHURISDUDPHWHUV
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

)LJ/RDG±GHIOHFWLRQFXUYHIRUWKHWKUHHSRLQWEHQGLQJFRQFUHWHEHDP
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&RQFOXVLRQ
7KLVSDSHUSUHVHQWVDQDWWHPSWWRUHYLHZVRPHRIWKHPRVWLPSRUWDQWZRUNVLQWKHDUHDRIPRGHOLQJWKHIUDFWXUH
SURFHVVHVLQFRQFUHWH+HUHDUHFRQVLGHUHGWZRRXWRIVHYHUDOPDMRULVVXHVWKHUHVHDUFKHUVDUHFRQIURQWHGZLWKZKHQ
VWXG\LQJ WKLV ILHOGPLFURPHFKDQLFV DQG ORFDOL]DWLRQRI GDPDJHV OHDGLQJ WR FRQFUHWH IUDFWXUH)URP WKH YHU\ ILUVW
ZRUNV RI 9LOH DQG %DåDQW QXPHURXV VFLHQWLVWV KDYH VWXGLHG WKH PHQWLRQHG SUREOHPV 3OHWKRUD RI SDSHUV ZDV
SXEOLVKHG RQ GHILQLQJ WKH FRQVWLWXWLYH ODZ IRU FRQFUHWH ZLWK PRUH RU OHVV VXFFHVV:RUNV RI %DåDQW 6WURHYHQ
)HUUHWWL DQG RWKHUV DUH PDMRU FRQWULEXWLRQV LQ XQGHUVWDQGLQJ WKH IUDFWXUH SURFHVV LQLWLDWLRQ DQG GHYHORSPHQW LQ
FRQFUHWH7KHSUREOHPRIGDPDJHORFDOL]DWLRQWKHVWUDLQVRIWHQLQJLVDOVRDYHU\LPSRUWDQWRQH7KLVSURFHVVVWDUWV
IURPWKHEHJLQQLQJRI ORDGLQJDQGSURJUHVVHVZLWKORDGLQFUHDVH7KHLQWHUDFWLRQVRI WKHSUHH[LVWLQJFUDFNVGXHWR
DFWLQJ ORDGDUH\HW WREH IXOO\H[SODLQHGDQGXQGHUVWRRG$OO WKHZRUNVSXEOLVKHGRQ WKRVHVXEMHFWVXQWLOQRZDUH
H[SODLQLQJ VRPHRI WKHDVSHFWV LQ VHDUFKLQJ IRU WKH VROXWLRQKRZ WRH[SODLQXQGHUVWDQGDQGSUHYHQW WKHFRQFUHWH
IUDFWXUH7KHFRPSOHWHDQGILQDODQVZHULVQRW LQVLJKW7KHUHDUHDOVRRWKHUPDMRU LVVXHVWREHGLVFXVVHG OLNHWKH
VL]HHIIHFWRIFRQFUHWHSDUWLFOHVRQWKHIUDFWXUHSURFHVV
$FNQRZOHGJHPHQW
7KLV UHVHDUFK ZDV SDUWLDOO\ ILQDQFLDOO\ VXSSRUWHG E\ WKH0LQLVWU\ RI 6FLHQFHV DQG 7HFKQRORJ\ RI 5HSXEOLF RI
6HUELDWKURXJK*UDQWV21'\QDPLFVRIK\EULGV\VWHPVZLWKFRPSOH[VWUXFWXUHV0HFKDQLFVRIPDWHULDOV
210LFURPHFKDQLFVFULWHULDRIGDPDJHDQGIUDFWXUHDQG75'HYHORSPHQWRIVRIWZDUHIRUVROYLQJ
WKHFRXSOHGPXOWLSK\VLFDOSUREOHPV
5HIHUHQFHV
>@ ,& 0LKDL 0LFURPHFKDQLFDO FRQVWLWXWLYH PRGHOV IRU FHPHQWLWLRXV FRPSRVLWH PDWHULDOV 3K' 7KHVLV 6FKRRO RI (QJLQHHULQJ FDUGLII
8QLYHUVLW\
>@ =3%DåDQW6FDOLQJODZVLQ0HFKDQLFVRI)DLOXUH-RXUQDORI(QJLQHHULQJ0HFKDQLFV9RO1RSS
>@ 03ODYãLü2SHQSUREOHPVLQPRGHOLQJIUDFWXUHSURFHVVHVRIFRQFUHWH6WUXFWXUDO,QWHJULW\DQG/LIH9RO1RSS
>@ 551LNROLF-0'MRNRYLF,QIOXHQFHRIWKHLQWHUIDFHRQ&UDFNV3URSDJDWLRQDORQJLWDQGRQ%HKDYLRURI&UDFNV$SSURDFKLQJ,QWHUIDFH,Q
&UDFN*URZWK 5DWHV 3UHGLFWLRQ DQG 3UHYHQWLRQ (GLWHG E\' .XEDLU 3XEOLVKHUV ,QF 1HZ<RUN  SS  ,6%1 

>@ 5:=LPPHUPDQ&RPSUHVVLELOLW\RI6DQGVWRQHV(OVHYLHU$PVWHUGDP
>@ 0RUL77DQDND.$YHUDJHVWUHVVLQPDWUL[DQGDYHUDJHHODVWLFHQHUJ\RIPDWHULDOVZLWKPLVILWWLQJLQFOXVLRQV$FWD0HWDOOXUJLFD9RO
SS
>@ .01HPDWL*HQHUDWLRQDQG,QWHUDFWLRQRI&RPSUHVVLYH6WUHVV,QGXFHG0LFURFUDFNVLQ&RQFUHWH3K'WKHVLV8QLYHUVLW\RI&DOLIRUQLDDW
%HUNHOH\
>@ ;'X%HUQDUG3/DEDXPH&'DUFHO3'DY\2%RXU&DWDFODVWLFVOLSEDQGGLVWULEXWLRQLQQRUPDOIDXOWGDPDJH]RQHV-*HRSK\V5HV
S
>@ $' -HIIHUVRQ&RQVWLWXWLYHPRGHOOLQJ RI DJJUHJDWH LQWHUORFN LQ FRQFUHWH ,QWHUQDWLRQDO -RXUQDO IRU1XPHULFDO DQG$QDO\WLFDO0HWKRGV LQ
*HRPHFKDQLFVSS
>@%3LFKOHU&+HOOPLFK+$0DQJ$FRPELQHGIUDFWXUHPLFURPHFKDQLFVPRGHOIRU WHQVLOHVWUDLQVRIWHQLQJLQEULWWOHPDWHULODVEDVHGRQ
SURSDJDWLRQRILQWHUDFWLQJPLFURFUDFNV,QWHUQ-RXUQDOIRU1XPHULFDODQG$QDO\WLFDO0HWKRGVLQ*HRPHFKDQLFV9ROSS
>@4==KX-66KDR'.RQGR$PLFURPHFKDQLFVEDVHGPRGHOIRUXQLODWHUDOGDPDJHLQEULWWOHPDWHULDOV6FLHQFH'LUHFW&50HFKDQLTXH
SS
>@,0LKDL7 -HIIHUVRQ$Q LQWHUIDFH IDLOXUHFULWHULRQLQDPLFURPHFKDQLFDOPRGHO IRUFRQFUHWHWK8.&RQIHUHQFHRI WKH$VVRFLDWLRQ IRU
&RPSXWDWLRQDO0HFKDQLFVLQ(QJLQHHULQJ(GLQEXUJKSS
>@/1 /RZHV )LQLWH HOHPHQW PRGHOLQJ RI UHLQIRUFHG FRQFUHWH EHDPFROXPQ EULGJH FRQQHFWLRQV 3K' 7KHVLV 8QLYHUVLW\ RI &DOLIRUQLD
%HUNHOH\
>@=77DTLHGGLQ(ODVWRSODVWLFDQGGDPDJHPRGHOLQJRIUHLQIRUFHGFRQFUHWH3K'7KHVVLV/RXVLDQD6WDWH8QLYHUVLW\%DWRQ5RXJH
>@()HUUHWWL$GLVFXVVLRQRIVWUDLQVRIWHQLQJLQFRQFUHWH,QWHUQ-RXUQDORI)UDFWXUH9ROSS//
>@()HUUHWWL2QVWUDLQVRIWHQLQJLQG\QDPLFV,QWHUQ-RXUQDORI)UDFWXUH9ROSS//
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